Abstract: The variability within Aspergillus fumigatus Fresenius and related species was examined using macro-, micro-morphology, growth temperature regimes and extrolite patterns. In addition, DNA analyses including partial b-tubulin, calmodulin and actin gene sequences were used. Detailed examination of strains, considered as A. fumigatus earlier, showed that they could be divided into four groups including A. fumigatus sensu stricto, A. lentulus and two new species. The intraspecific genetic variability within A. fumigatus sensu stricto was low, the sequence differences among 23 strains of the species was at most two bases in each partial b-tubulin and calmodulin gene. However, intraspecific morphological diversity within the species was high and delineation of the species was equivocal. Therefore, btubulin and calmodulin gene sequences could be critical determinants for the delineation of the A. fumigatus sensu stricto species. A. lentulus including isolates from clinical origin, Korean soil and from a dolphin clustered into an isolated group based on btubulin, calmodulin and actin gene sequences, differing from A. fumigatus by morphological characters, growth temperature and extrolite profile. A. lentulus produces the extrolites auranthine, cyclopiazonic acid, a dimeric indole of unknown structure, neosartorin, some pyripyropens, terrein and some tryptoquivalins and tryptoquivalons. Two pair of isolates (CBS 117194, 117186 and 117520, 117519) clustered into separate groups from A. fumigatus and the other Aspergillus section Fumigati species, including the teleomorph Neosartorya, are proposed as two new species. A. fumigatiaffinis spec. nov. produces the extrolites auranthine, cycloechinulin, helvolic acid, neosartorin, palitantin, pyripyropens, tryptoquivalins and tryptoquivalons, and A. novofumigatus spec. nov. produces the extrolites cycloechinuline, helvolic acid, neosartorin, palitantin and terrein.
INTRODUCTION

Aspergillus fumigatus
Fresenius is an important human pathogen which causes several diseases like allergic bronchopulmonary aspergillosis, aspergilloma and invasive aspergillosis, particularly in immuno-compromised patients. The species also occur as a common saprophyte playing an essential role in recycling carbon and nitrogen to soil. Its natural, ecological niche is the soil where it grows on organic debris (Rinyu et al 1995) . A. fumigatus generally is regarded as an extremely variable species in cultural characteristics and micromorphology (Raper and Fennell 1965 , Varshney and Sarbhoy 1981 , Samson 1979 ) and 12 varieties were described. However, Frisvad and Samson (1990) found that A. fumigatus is a homogeneous species with respect to profiles of extrolites (for definition see Frisvad and Samson 2004) . In addition no great variation was observed when A. fumigatus strains were analyzed by restriction fragment length polymorphism (RFLP) (Burnie et al 1992 , Spreadbury et al 1993 , amplified fragment polymorphism (Loudon et al 1993 , Rinyu et al 1995 and mitochondrial cytochrome b gene sequence analysis (Wang et al 2000) .
Recently, Aspergillus lentulus was reported from clinical isolates which were resistant to multiple antifungals (Balajee et al 2005) . The species could be separated from A. fumigatus by phylogenetic analyses based on multilocus sequence typing. During a survey of soil-borne Aspergillus and Penicillium in Korea, A. lentulus and many other strains belonging to section Fumigati were isolated.
In this study, we performed a polyphasic analysis of A. fumigatus and related species in order to examine the variability within the species and determine taxonomical position of the strains. Each strain was studied by their macro-and micro-morphology, growth characters, extrolite profiles, b-tubulin, calmodulin and actin gene sequences, and Random Amplified Polymorphic DNA (RAPD), which proved useful for Aspergillus taxonomy (Brandt et al 1998 , Feibelman et al 1998 , Geiser et al 1998 , Ito et al 2001 , Varga et al 2000a .
MATERIALS AND METHODS
Strains examined are listed (TABLE I) . The strains were maintained on malt-extract agar slants at 15 C.
Morphology and extrolites.-For macro-morphology observations, several agar media were used: Czapek yeast autolysate (CYA) agar was composed of 35 g Czapek Dox Broth (Difco 233810), 5 g Yeast Extract (Difco 0127-17), 1 mL trace metal solution (1 g ZnSO 4 0.7H 2 O, 0.5 g CuSO 4 0.5H 2 O, 100 mL H 2 O) and 15 g agar, malt extract autolysate (MEA) agar was composed of 50 g Oxoid CM59 and 15 g agar, and CZ agar (CZA) was composed of 35 g Czapek Dox Broth (Difco 233810) and 1 mL trace metal solution and 15 g agar. In addition to these media, yeast-extract sucrose (YES) agar, oatmeal (OA) agar and creatine sucrose (CREA) agar was used (Frisvad and Samson 2004) . The isolates were inoculated at three points and incubated at 25 C in the dark for 7 d and at 37 C on CYA. For micromorphology observations, microscopic mounts were made in lactic acid from MEA colonies.
Growth rate was determined on MEA and CZA. Conidia from a 7-14 d incubation were mixed into semisolid medium (0.2% agar and 0.05%, Tween 80) and inoculated in 9 cm petri dishes. The plates were incubated in the dark at 10 to 55 C with intervals of 5 C and colony diam were measured after 5 and 7 d.
Conidial strains were mated on OA and MEA at 25 C for 28 d and also tested with the heterothallic strains of N. fennelliae, CBS 598.74 T (MT A) and CBS 599.74 T (MT a), N. udagawae CBS 114217 T and CBS 114218 T , and N. spathulata CBS 408.89 T (MT A) and CBS 409.89 T (MT a). Extrolites were analysed by HPLC using alkylphenone retention indices and diode array UV-VIS detection as described by Frisvad and Thrane (1987) , with minor modifications by Smedsgaard (1997) . Standards of auranthine, fumagillin, fumigaclavine A and B, fumigatin, fumitremorgin A, B and C, verrucologen, TR-2, gliotoxin, helvolic acid, palitantin, pseurotin A, terrein, territrem B, trypacidin, nortryptoquivalin and tryptoquivalone were available, while the evidence for presence of aszonalenin, cycloechinuline, fiscalins, fumiquinazolins and neosartorin was based on highly characteristic UV spectra. The confirmation by mass spectrometry and/or structure elucidation is being currently investigated (Larsen, T.O. in prep).
DNA analyses.-Genomic DNA was extracted according to the procedure described by Lee and Taylor (1990) . For the sequencing of partial b-tubulin gene, the fragment of the 59 portion of b-tubulin was amplified using the primer bt2a and bt2b (Glass and Donaldson 1995) . For the sequencing of partial calmodulin gene, a segment of the calmodulin was amplified using the primers cmd5 (59-CCG-AGT-ACA-AGG-AGG-CCT-TC-39) and cmd6 (59-CCG-ATA-GAG-GTC-ATA-ACG-TGG-39) which were made in this study based on the complete A. oryzae sequence, GenBank D44468. For the sequencing of partial actin gene, a segment of the actin was amplified using the primers act-512F (59-ATG-TGC-AAG-GCC-GGT-TTC-GC-39) and ACT-783R (59-TAC-GAG-TCC-TTC-TGG-CCC-AT-39) (Carbone and Kohn 1999) .
The amplified DNA fragments were purified by QIAquick PCR purification kit (Qiagene, Hilden, Germany). DNA sequences were determined using BigDye Terminator 3.1 Cycle Sequencing kit (ABI 0401041, Foster City, California) and the ABI 3100 DNA sequencer. Both strands of each fragment were sequenced.
DNA Sequences were edited with the DNASTAR computer package, and an alignment of the sequences was performed using the CLUSTAL W (Thompson et al 1994) . Both the neighbor-joining (NJ) and maximum parsimony (MP) methods were used for the phylogenetic analysis. For NJ analysis, the data were first analyzed using the Tamura-Nei parameter distance calculation model, which was then used to construct the NJ tree with MEGA 3.0 (Kumar et al 2004) . To determine the support for each clade, bootstrap analysis was performed with 1000 replications. Maximum parsimony analysis (Fitch 1971) was performed with heuristic search with random addition sequences, branch swapping by tree bisection-reconnection (TBR) and MAXTREES set at 20 000, using PAUP* 4b10 (Swofford 2002) . Relative robustness of the individual branches was estimated by bootstrapping, using 1000 replicates, with heuristic searches, branch swapping by tree bisection-reconnection (TBR) and MAXTREES set at 100.
For the RAPD-PCR, six random primers were screened and PELF (59-ATA-TCA-TCG-AAG-CCG-C-69) and URP1F (59-ATC-CAA-GGT-CCG-AGA-CAA-CC-39) (Kang et al 2002) were selected because they produced many polymorphic bands. PCR was performed in 50 mL reactions, using 1.2 mL of template DNA, 3 mL of 2.5 mM dNTPs, 0.4 mL of taq polymerase (5 u/mL, Bioneer Korea) and 0.4 mL of primer (100 pmol/mL). PCR was performed using the following parameters: 4 min at 95 C, followed by 35 steps of 1 min at 95 C, 1 min at 55 C and 2 min at 72 C, and then a final 8 min at 72 C. The PCR products were electrophoresed on a 1.2% agarose gel.
RESULTS
DNA sequence analyses.-The primer bt2a and bt2b amplified about 550 bp of 59 portion of b-tubulin gene which contains introns 3, 4 and 5, and exons 3, 4, 5 and partial 6. The primer cmd5 and cmd6 amplified about 580 bp of calmodulin gene which contains introns 2, 3 and 4, and exons 2, 3, 4 and partial 5. The primers act-512F and ACT-783R amplified about 370 bp of actin gene.
The phylogenetic relationships of the b-tubulin sequence for the 55 isolates were inferred from the neighbor-joining (NJ) analysis, and the tree produced is presented (FIG. 1) . In maximum parsimony (MP) analysis, out of 465 total characters, 110 were parsimony-informative, and parsimony analysis resulted in 54 most parsimonious trees of 248 steps with a CI of 0.8145 and an RI of 0.9501. No difference was found between the tree topologies from the NJ and MP analyses. Strains which are morphologically similar to A. fumigatus separated into four groups. Twenty-three strains of A. fumigatus sensu stricto were grouped in a cluster with 100% bootstrap value with a maximum of two bases difference from each other after alignment. A. fumigatus sensu stricto is separated clearly from A. lentulus, N. fischeri and the other related species. A. lentulus strains clustered into a group with 100% bootstrap support and were separated from the other species. Two groups each represented by two strains also are separated from A. fumigatus sensu stricto and A. lentulus. These two groups are here proposed a new species as A. fumigatiaffinis spec. nov and A. novofumigatus spec. nov. CBS 458.75 the ex-type culture of A. fumigatus var. sclerotiorum was located in the A. viridinutans complex.
The phylogenetic relationships of the calmodulin gene for the 51 isolates were inferred from both NJ and the MP analyses. Out of 527 total characters, 140 were parsimony-informative, and parsimony analysis resulted in two most parsimonious trees of 252 steps with a CI of 0.8254 and an RI of 0.9622. Because the topologies of the NJ and MP trees obtained by the distance and heuristic methods were almost identical except for minor differences in bootstrap values, only the NJ tree is presented (FIG. 2) . The topology of the calmodulin tree was similar to that of the b-tubulin tree.
The phylogenetic relationships of the actin gene for the 33 isolates were inferred from both NJ and the MP analyses. Out of 379 total characters, 91 were parsimony-informative, and parsimony analysis resulted in 19 most parsimonious trees of 195 steps with a CI of 0.8278 and an RI of 0.9240. Because the topologies of the NJ and MP trees obtained by the distance and heuristic methods were almost identical except for minor differences in bootstrap values, only the NJ tree is presented (FIG. 3) . The topology of the actin tree was similar to that of the b-tubulin.
RAPD analysis.-Primers, PELF and URP1F produced many polymorphic bands and the results are shown (FIG. 4) . Twenty-five isolates of A. fumigatus sensu stricto showed similar band patterns to each other, although some isolates showed differences in minor bands. Five isolates from Korean soil and CBS 175.97 from a dolphin showed almost the same band patterns on MEA for A. fumigatus sensu stricto strains fell in the range of 0.5-1.1, whereas for the strains of A. lentulus, A. fumigatiaffinis and A. novofumigatus they were (0.6) 1.3-4.0, 1.2-1.9 and 1.1-1.6, respectively.
From the mating experiments, any matches within conidial strains and heterothallic strains of Neosartorya fennelliae, N. spathulata and N. udagawae did not produce any sexual structures. teleomorph structures may be discovered in the future. The production of apolar indole alkaloids (of unknown structure) by A. novofumigatus further indicates that this taxon could have a capability to produce ascomata or sclerotia given the right conditions. DISCUSSION DNA analyses in this study separated strains, considered as A. fumigatus before, into four groups including A. fumigatus sensu stricto, A. lentulus, A. fumigatiaffinis and A. novofumigatus.
A. fumigatus sensu stricto.-Our molecular analyses show that A. fumigatus sensu stricto is a homogeneous taxon. The varieties of A. fumigatus vars ellipticus, acolumnaris, phialiseptus, and anomalus and an albino mutant have almost identical DNA sequences (at most two bases difference) in each partial b-tubulin and calmodulin gene (FIGS. 1, 2) and the same band patterns in RAPD (FIG. 4) confirming that these varieties are synonymous. This result confirms earlier findings based on extrolites profiles (Frisvad and Samson 1991) , RFLP (Burnie et al 1992 , Spreadbury et al 1990 , amplified fragment polymorphism (Loudon et al 1993 , Rinyu et al 1995 and mitochondrial cytochrome b gene sequence analysis (Wang et al 2000) . The extype of A. fumigatus var. sclerotium However, the examined strains of A. fumigatus exhibited variable macro-and micro-morphologies. Stipe widths of most strains of A. fumigatus sensu stricto were in the range of 6-8 mm but in some strains were up to 10 mm, while CBS 542.75 (T of A. phialiseptus) had narrower stipes, 4-5 mm. Vesicle diam of the strains ranged between 10 and 26 mm, with the exception of CBS 542.75 which were only 10-12 mm. The smaller dimensions in these particular strains may probably be caused by the more or less degenerated nature of the strain with a clinical origin. Although A. fumigatus is typically characterized by subclavate vesicles Raper and Fennell (1965) , Varshney and Sarbhoy (1981) and Klich (2002) also included globose shaped vesicles in their descriptions. We have observed that (sub)globose vesicles in A. fumigatus sensu stricto are rare but common in A. lentulus and the two new species. Therefore, if a strain has predominantly globose shaped vesicles, it will probably not be A. fumigatus sensu stricto.
All strains of A. fumigatus sensu stricto did not grow at 10 C but grew at 50 C. Most A. fumigatus strains produced fumagillin, fumigaclavines, fumitremorgin A, B, C and TR-2, fumiquinazolins, gliotoxin, helvolic acid, pseurotins, pyripyropens, trypacidin, tryptoquivalins, tryptoquivalons and verrucologen consistent with literature data (Cole and Cox 1981) .
Some morphological characteristics of A. fumigatus sensu stricto, are therefore diverse and equivocal, but molecular characteristics including ß-tubulin and calmodulin gene sequences, extrolite profile and growth temperature regimes were unique and clear, and their characters could be critical determinants for the delineation of A. fumigatus sensu stricto.
A. lentulus.-From the partial b-tubulin, calmodulin and actin sequence analyses, A. lentulus is separated clearly from A. fumigatus sensu stricto with high bootstrap value (FIGS. 1-3). In RAPD pattern by PELF and URP1F, 10 strains of A. lentulus had almost the same bands differing from A. fumigatus sensu stricto and related species (FIG. 4) .
In the phenotypic analyses, strains of A. lentulus differ from A. fumigatus sensu stricto by thinner stipes, smaller and predominantly globose vesicles. All strains of A. lentulus grew between 10-45 C on MEA and CZA, while A. fumigatus sensu stricto strains, in the range of 15-50 C. Furthermore, they clearly differed from A. fumigatus sensu stricto in extrolite profiles (TABLE II) . A. lentulus strongly resembles A. fumigatiaffinis and A. novofumigatus based on phenotypic analyses, except for their extrolite profiles. Balajee et al (2005) proposed A. lentulus for some clinical strains considered to be variants of A. fumigatus. The species has smaller conidial heads and was not able to grow at 48 C. From this study, five strains from crop-cultivated soil and one CBS strain (from a dolphin nostril, Netherlands) also belong to this species. In Korean soil, this species was frequently isolated from six out of 13 crop cultivated soils. A. lentulus also was isolated from Australia (strain MK245) (Balajee et al 2005) , and therefore this species seems to have a wide geographical distribution and can be isolated from common sources such as soil and air.
A. lentulus originally was called a sibling species of A. fumigatus (Balajee et al 2005) , but actually it is phenotypically very different from the latter species. Even though A. fumigatus share the tryptoquivalins, tryptoquivalons and pyripyropens with A. lentulus both species have an unusually large number of different families of extrolites: A. lentulus produces six extrolite families never detected in A. fumigatus (auranthine, cyclopiazonic acid, dimeric indoles, fiscalins, neosartorin, terrein), while A. fumigatus can produce more than nine extrolite families not yet discovered in A. lentulus (fumagillins, fumigaclavines, fumigatins, fumitremorgins, fumiquinazolins, gliotoxin, helvolic acid, pseurotins, and trypacidins). If all extrolite families are compared within the five species, the pair Neosartorya fischeri, A. fumigatus and the pair A. fumigatiaffinis and A. novofumigatus had most extrolite families in common (five), while A. lentulus and A. fumigatus have the least extrolite families in common (two), apart from A. novofumigatus and A. fumigatus having only one family in common. All other species/species comparison gave three to four extrolites families in common. We confirm the conclusions of Geiser et al (1998) that phylogenetic relationships based on DNA sequence data are not in agreement with phylogenies suggested by phenotypic features and especially not with phylogenies suggested by extrolites.
New species based on phylogenetic species recognition and distinct phenotypic features.-In our b-tubulin, calmodulin and actin analysis two groups each with two strains were separated from A. fumigatus sensu stricto, A. lentulus and N. fischeri. Also in their extrolite profiles these taxa differ from A. fumigatus sensu stricto and A. lentulus (TABLE II) . A. fumigatiaffinis (CBS 117194 and IBT 12703) has comparatively small (sub)globose vesicles (16-24 mm). A. novofumigatus (IBT16806 and IBT 16755) has nearly flask-shaped and comparatively large vesicles (15-30 mm); it was similar to A. fumigatus sensu stricto. On the temperature growth regimes, the two species grew on 10 C and did not grow on 50 C. Although the two species strongly resemble A. lentulus, the three sequence data sets indicate genetic separation of other taxa in section Fumigati providing evidence of a distinct species under the phylogenetic species recognition concept (Taylor et al 2000) . However, the species are also highly distinct concerning extrolite profiles, so other species concepts would also have supported the hypotheses that A. fumigatiaffinis and A. novofumigatus are new species. We propose to describe them here on the basis of different profiles of extrolites and sequence differences. 
